Thermoanaerobacter tengcongensis could utilize galactose as a carbon source via the enzymes encoded by a novel gal operon, whose regulation mechanism has yet to be elucidated. We propose here that the gal operon in T. tengcongensis is regulated through a HisK:GalR two-component system. By using radioactive isotope assay and genetic analysis, we found that the kinase of this system, HisK, is phosphorylated by ATP, and the regulator, GalR, accepts a phosphoryl group during phosphorelay, in which the phosphoryl group at HisKHis-259 is transferred to GalR-Asp-56. Two-dimensional electrophoresis, followed by Western blotting, revealed that phosphorylation status of GalR is uniquely dependent on the galactose stimulus in vivo. Furthermore, DNA pulldown assays demonstrated that the phosphorylated GalR prefers binding to the operator DNA O 2 , whereas the unphosphorylated GalR to O 1 . A model of HisK:GalR is proposed to explain how galactose mediates the expression of the gal operon in T. tengcongensis.
gal operons or lac-gal regulons have been widely identified and characterized in bacteria for galactose metabolism (2-4, 24, 33, 36) . Two different types of gal operons are classified according to the localization of the regulator, GalR, that controls the operon. The most common type is the Escherichia coli-like gal operon, in which GalR is unlinked with the operon and transcribed by its own promoter. The regulation mechanism of the E. coli-like gal operon is negative. For example, the galETKM operon of E. coli with two promoters, P 1 and P 2 , is regulated by the Gal repressosome. In the absence of galactose, several proteins form the repressosome complex, which is able to repress gene transcription of the operon from both promoters. During the complex assembly, the two dimeric GalR first bind to two separated operator elements, O E and O I , followed by the interaction between HU protein and GalR. The operator-bound GalR dimers then generate a DNA loop, which leads to HU migration to the apex and blocks transcription. In the presence of galactose, the sugar inhibits the interactions among GalR-O E , GalR-O I , GalR-HU, GalR-GalR, or HU-DNA and leads to disassemble the repressosome (2, 15, (25) (26) (27) 35) . Another type of gal operon is found in Lactobacillus casei and Thermoanaerobacter tengcongensis, in which galR is in the gal operon and cotranscribed with the other members. However, the regulation mechanism for such a novel gal operon is still unknown (4, 22) . In previous studies, we analyzed the operator binding complexes of gal operon in T. tengcongensis by electrophoretic mobility shift assay-liquid chromatography-tandem mass spectrometry (LC-MS/MS) and identified a histidine kinase (HisK) and the GalR (22) . Bacterial histidine kinase is well known as an active sensor for the two-component system involved in the signal transduction for transcription regulation. This fact prompted us to further investigate how histidine kinase participates in the regulation of the T. tengcongensis gal operon.
Two-component system is one of the most common signal transduction mechanisms in eubacteria and archaebacteria and is also reported in cell-wall-containing eukaryotes (14) . According to the environmental stimuli, the system performs an effective response in modulating gene expression (10) . A typical two-component system consists of two key elements: a histidine kinase, which is sensitive to a specific environmental factor, and a response regulator, which enables transferring the sensor signals and adapting the proper responses via the regulation of gene expression (29) . Upon sensing the environmental changes, histidine kinase could be autophosphorylated at its conserved histidine residue in the kinase domain and subsequently transfer the phosphoryl group to the specific aspartate residue of the cognate response regulator. Phosphorylated regulator then regulates gene expression through its affinity to DNA motifs located at the promoter region of target genes (32) .
Although two-component systems have been extensively scrutinized in many bacteria and operons (16, 18, 39) , we show in the present study that the HisK:GalR two-component system is the basic regulation mechanism in the T. tengcongensis gal operon. The interaction of HisK and GalR was identified by a coimmunoprecipitation assay. In vitro, autophosphorylation of HisK and phosphorelay to GalR were characterized by the recombinant proteins treated with autoradiography, and the phosphorylation sites of HisK and GalR were confirmed by site-directed mutagenesis. In vivo, the data from two-dimensional electrophoresis (2DE)/Western blot analyses revealed that GalR's expression and its phosphorylation were uniquely dependent on galactose induction. Furthermore, the phosphor-ylation status of GalR was found to change the binding specificity to the two operators in the operon. Thus, we have established the regulation mechanism of the novel gal operon in T. tengcongensis through a HisK:GalR two-component system.
MATERIALS AND METHODS
Plasmids, bacterial strains, and media. Table S1 in the supplemental material lists all of the plasmids and bacteria strains used in the present study. T. tengcongensis was cultured in the modified MB medium as previously reported (38) with galactose or glucose as the carbon source, whereas E. coli was cultured in LB medium (1% tryptone, 0.5% yeast extract, 1% NaCl).
DNA techniques. To construct the recombinant plasmids for IPTG (isopropyl-␤-D-thiogalactopyranoside)-inducible GalR and HisK expression, the DNA fragments of corresponding open reading frames (ORFs) were amplified by PCR with primers listed in Table S2 in the supplemental material and then inserted into the pET28a expression vector. To construct the mutated recombinant plasmids for the expression of GalR and HisK mutants, a QuikChange site-directed mutagenesis kit (Stratagene) was used according to the user's manual.
Coimmunoprecipitation (co-IP) assay. Native protein lysate of T. tengcongensis was prepared as described previously (22) . After preincubation with protein A-beads, the lysate was added to the slurry containing antibody and protein A beads for overnight incubation. After a thorough wash with lysis buffer, the immunoprecipitated complexes bound to the antibody were dissolved in sodium dodecyl sulfate (SDS) loading buffer and detected by Western blotting.
In vitro autophosphorylation and phosphorelay assays. For autophosphorylation, HisK or its mutant labeling reaction was prepared (50 mM Tris-HCl [pH 8.0], 5 mM MgCl 2 , 200 mM KCl, 0.2 mM dithiothreitol, 10% glycerol, 50 M ATP). Then, 0.5 Ci of [␥-32 P]ATP was added, followed by incubation at 37°C for the indicated times. For phosphorelay, GalR or its mutants was then added to the labeling reaction after the treatment of HisK with [␥-32 P]ATP, followed by incubation for the indicated times. Samples were mixed with SDS loading buffer and subjected to SDS-13% PAGE for separation. After electrophoresis, gels were exposed to X-film at Ϫ80°C. Two-dimensional Western blot analysis and dephosphorylation assay. Protein lysates of T. tengcongensis cultured in different media were extracted and quantified by the method of Bradford. Equal amount of protein lysate (20 g) was applied to strips (pH 4 to 7) to rehydrate overnight in rehydration buffer (8 mol of urea/liter, 2 mol of thiourea/liter, 4% CHAPS {3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate}, 0.5% Ampholytes 3-10, 1% dithiothreitol). After completion of the focusing, the isoelectric focusing strips were equilibrated and then separated by using SDS-12% PAGE. The gel was transblotted onto polyvinylidene difluoride membrane. The membranes were incubated with rabbit GalR-specific antibody and detected by an enhanced chemiluminescence kit.
To investigate the effect of dephosphorylation on two-dimensional pattern of GalR, T. tengcongensis lysate (20 g) was incubated with alkaline phosphatase at 37°C for 1 h and desalted by using a 2-D Clean-Up kit (Amersham Biosciences). The desalted protein lysate was analyzed by two-dimensional Western blotting.
Magnetic bead DNA pull-down assay. Operator DNAs (O 1 and O 2 ) or a negative control DNA (listed in Table S2 in the supplemental material) were synthesized and biotinylated and then added to Dynabeads M-280 streptavidin (Invitrogen) in bead binding and washing buffer (5 mM Tris-HCl [pH 7.5], 1 M NaCl, 0.5 mM EDTA) with rotation for 10 min at room temperature. DNA-bead complexes were washed three times in bead binding and washing buffer, resuspended in lysis buffer, and added to the native extract of T. tengcongensis, HisK-treated or untreated GalR, or GalR:D56A. Mixtures were rotated for 30 min at room temperature, and DNA-bead complexes were washed and eluted. The elution was then analyzed by SDS-PAGE, followed by Western blotting with the anti-GalR antibody.
RESULTS

Interactions between HisK and GalR in T. tengcongensis.
Analysis of operator binding complexes by LC-MS/MS revealed that many peptide signals were highly matched with the peptides of HisK and GalR, which resulted from theoretical tryptic digestion (22) . To confirm the interaction of GalR with HisK, a co-IP assay was used. As shown in Fig. 1A , with the anti-HisK antibody as the bait, the immunoprecipitated products contained GalR, whereas with the preimmune serum (PIS) there was no detectable GalR. Conversely, with antiGalR antibody as the bait, the immunoprecipitated products contained HisK as well. The data supported the hypothesis that GalR interacted with HisK to form a complex. Furthermore, the bacterial components of membrane and cytoplasm were prepared through ultracentrifugation, followed by Western blotting to identify the localization of HisK or GalR. Depicted in Fig. 1B , GalR was significantly induced by galactose and only localized in the cytoplasm, a finding in agreement with our previous report (22) ; on the other hand, HisK was independent from the galactose induction and detected mainly in the membrane and lightly in the cytoplasm. Therefore, HisK could be a membrane-associated protein.
Autophosphorylation and phosphorelay of HisK in T. tengcongensis. Generally, the signal transduction through a twocomponent system consists of a kinase and a response regulator, in which the kinase is autophosphorylated at histidine followed by transferring the phosphoryl group to the response regulator at aspartate. The phosphorylated regulator further directly or indirectly performs the functions in the transcriptional modulation. Since HisK and GalR were found not only in the same operator binding complex, but also interactions by co-IP assay described above, HisK and GalR could form a two-component system. In this system, HisK could be phosphorylated and transfer phosphoryl group to GalR. During signal transduction, the histidine kinase transmitter domain could be autophosphorylated in vitro in the absence of any ligand or other signals (28) . The transmitter domain of the T. tengcongensis HisK was expressed in E. coli, and the purified recombinant was incubated with [␥-32 P]ATP without inducer. HisK appeared in strong signals of phosphorylation at 31 kDa, indicating that the HisK was autophosphorylated ( Fig. 2A and  B) . Furthermore, HisK was incubated with the full-length recombinant GalR in the presence of [␥-32 P]ATP. As shown in Fig. 2B , the incubation resulted in another phosphorylation band at 42 kDa, indicating that the phosphoryl group in HisK was transferred to GalR. These data indicate that HisK forms a complex with GalR and transducts the signal via autophosphorylation/phosphorelay.
Based on bioinformatic analysis of the amino acid sequences of HisK and GalR, we predicted a histidine residue, His-259 as the autophosphorylation site in HisK. We also suspected that four aspartate residues-Asp-34, -56, -81, and -101-located at the DNA binding domain of GalR were candidates for the phosphoryl receptor. To ensure the theoretical prediction, the mutants HisK:H259A, GalR:D34A, GalR:D56A, GalR:D81A, and GalR:D101A were constructed and expressed in E. coli ( Fig. 2A) . After incubation with [␥-32 P]ATP, HisK:H259A, unlike the wild type, was not autophosphorylated, implying that the residue His-259 served as the key autophosphorylation site in HisK; on the other hand, of the four GalR mutants, only GalR:D56A was not phosphorylated, and the other three exhibited the phosphorylation patterns similar to that of the wild type, suggesting that the residue Asp-56 served as the phosphoryl receptor in GalR (Fig. 2B) .
The evidence obtained from time-dependent phosphorylation also showed that the autophosphorylation of HisK and phosphorelay to GalR occurred simultaneously. Figure 2C shows that phosphorylation signals either for HisK or for GalR were detected within 5 min and saturated after 20 min.
The GalR phosphorylation induced by galactose in vivo.
The phosphorylation status of a protein would cause the pI of the protein to shift. Thus, 2DE-Western blotting was used to detect the phosphorylation patterns of GalR in T. tengcongensis. As shown in Fig. 3A , one spot was recognized by the antibody against GalR in the T. tengcongensis cultured in glucose, whereas a string of spots were immunopositive when the cells were grown in galactose. Importantly, these string spots shared a similar molecular mass (43 kDa) but displayed acidic pI shifts in response to the presence of galactose in medium, indicating that GalR is in phosphorylated forms. Since phosphorylation is not the only cause for the acidic pI shifts, dephosphorylation experiments were implemented to confirm whether the string spots were specifically sensitive to GalR phosphorylation. After the alkaline phosphatase treatment, the string spots at acidic pI values were reduced significantly, and the spot volumes at basic pI values were enlarged (Fig. 3B) . The results of 2DE-Western blotting were thus in agreement with our postulation that galactose stimulated GalR phosphorylation in vivo, likely through autophosphorylation or phosphorelay. Meanwhile, we also found more than two spots in the 2DE-Western blot analysis, which suggests that GalR may have other phosphorylation sites for kinases besides HisK. Furthermore, time-dependent analysis of GalR phosphorylation was carried out. As displayed in Fig. 3C , there was only one spot corresponding to GalR in the T. tengcongensis cultured with galactose within 2 h; however, one more spot appeared within 4 h, and more spots were detected after 8 h.
The DNA binding affinity of GalR to the operators of gal operon is influenced by its phosphorylation status. In twocomponent systems, the phosphorylation status of regulators could cause conformational alterations and lead to changes in binding affinity to their DNA targets (5). As reported previ- , and samples were collected at 5, 10, 20, and 40 min. All collected samples were subjected to SDS-PAGE for separation, and the gels were exposed to X-film for autoradiography. (Fig. 4, lane 2) . Since GalR was a recombinant protein expressed in E. coli, which contained multiple histidine kinases, it was possible that GalR was a nonspecific receptor for the E. coli histidine kinases. Thus, the purified GalR was deduced to be a mixture of phosphorylated/unphosphorylated form, which had the DNA binding affinity either for O 1 or for O 2 . This was confirmed by 2DE-Western blotting. The recombinant GalR appeared three immunopositive spots with the acidic pI shifts (data not shown), suggesting that GalR was partially phosphorylated in E. coli. As a control, a DNA fragment (NC) randomly derived from the ORF region of the gal operon was biotinylated and incubated with phosphorylated and/or unphosphorylated GalR. GalR was not bound with NC at all (Fig. 4, down panel) . Thus, GalR specifically binds to the operators. The DNA pulldown assay was further extended to analyze the DNA binding affinity of GalR expressed in T. tengcongensis. The native GalR could bind to O 1 and O 2 , implying that T. tengcongensis cultured in galactose possessed the two forms of GalR: phosphorylated and unphosphorylated (Fig. 4, lane 1) .
DISCUSSION
A two-component system is regarded as a common signaling pathway in many bacteria. In thermophilic bacteria, several systems have been reported, such as HpkA:DrrA in Thermotoga maritima and phoR:phoB in Sulfolobus acidocaldarius (9, 13, 19) . In the genomic era, as more bacterial genomes are decoded, more histidine kinases and their related responders can be annotated (12, 30) . For instance, genomic analysis of Caldicellulosiruptor saccharolyticus, an extremely thermophilic bacterium, predicts that 50% of the genes encoding ABC carbohydrate transport systems are located near the genes encoding the two-component system on the chromosome and 19 receiver proteins are involved in a two-component system with 5) . After washing and elution, the samples were separated by SDS-PAGE, followed by immunoblotting with an anti-GalR antibody.
a helix-turn-helix AraC domain (34) . There are a few studies on regulation systems for operons, in either positive or negative mode, such as the cip-cel operon in Clostridium cellulolyticum, the pmrF operon in Yersinia pseudotuberculosis, and the pts and gal operons in E. coli (1, 6, 26) . Thus far, however, there is little information regarding how a two-component system participates in the regulation of the gal operon. Based upon genomic structures of the gal operons derived from E. coli and T. tengcongensis, the two operons display significant differences in gene localization, as well as in the transcription direction. The E. coli GalR gene is localized far from the gal genes and is transcribed by its own promoter, while the T. tengcongensis GalR is localized between GalE and GalM and cotranscribed with galTKEM by the operon promoter, P gal1 (Fig. 5) . Thus, the negative control mode for the E. coli gal operon is not enough to elucidate the regulation mechanism of T. tengcongensis gal operon (26, 27) . We postulate here a novel regulation mode for the gal operon: (i) unphosphorylated GalR binds to O 1 and represses P gal1 ; (ii) HisK on the T. tengcongensis membrane is activated by the exogenous galactose, and activation of the HisK leads to autophosphorylation at His-259; (iii) GalR plays a relay role through phosphorelay from His-259 of HisK to Asp-56 of GalR; and (iv) p-GalR binds to O 2 but not to O 1 to release the P gal1 repression (Fig. 5) . The role of p-GalR binding to O 2 needs to be investigated.
The HisK:GalR two-component system in T. tengcongensis shows how a two-component system participates in the regulation of galactose metabolism in a thermophile. Although we have characterized the signaling phosphorelay from HisK autophosphorylation to GalR phosphorylation and from promoter binding to transcription regulation, a question remains: how does galactose initiate the two-component system? There are two possible mechanisms. (i) Galactose may directly interact with HisK on the membrane. In Rhizobium meliloti, FixL: FixJ is a typical two-component system, in which FixL is a heme-based O 2 sensor protein and FixJ is a transcriptional activator. Signal transduction is initiated by the dissociation of O 2 from the sensor domain of FixL, resulting in protein conformational changes that are transmitted to a histidine kinase domain of FixL and continued phosphorelay to FixJ. The direct association of O 2 with FixL is a key initiation event in the process (8) . Since HisK in T. tengcongensis lacks a conserved domain for galactose binding, it is unlikely to directly interact with the sugar. (ii) Galactose may initiate the activation of HisK autophosphorylation via an indirect mode. For instance, in E. coli the initial signaling events underlying the chemotactic response to aspartic acid occur within a ternary complex that includes Tar (an aspartate receptor), CheA (a protein histidine kinase), and CheW (a coupling factor). Once aspartic acid stimulates the complex formation, CheA is autophosphorylated at a histidine residue, and the phosphorylated CheA directs the activation of CheY (a regulation protein for cell swimming) by donating its phosphoryl group to the latter. The phosphorylated CheY diffuses to the flagellar motors, where it promotes clockwise flagellar rotation (7, 17) . Is it possible that galactose induces formation of a protein complex that associates with HisK? It is generally accepted that galactose specifically binds to a PEP-dependent phosphotransferase system (PTS) or ATP-energized permease system in many bacteria (11, 20, 21, 23, 31, 37) . The genome data of T. tengcongensis reveals no galactose-specific PTS, but it does demonstrate 17 ATP-energized permeases relevant to sugar transportation. We thus hypothesize that an interaction between a galactosepermease and HisK is likely a primary factor that decides the on/off status for HisK:GalR in this bacterium. According to this hypothesis, galactose first binds to galactose-permease and then promotes the formation of the galactose-permease:HisK complex. Then, the complex leads to the autophosphorylation of HisK, followed by phosphorelay to GalR (Fig. 2C and 5) . We are currently attempting to identify the proposed protein complex and also to determine its association with HisK.
Generally, GalR as a member of LacI/GalR family plays a negative role in the modulation of the gal operon gene expression. A dimeric GalR with HU protein binds to the two operators, O I and O E , and forms the Gal repressosome with a DNA loop structure, whereas galactose interferes with the interactions of GalR with the operators, leading to disassembly of the Gal repressosome, and allows operon gene expression in E. coli (26, 27) . However, GalR in T. tengcongensis is different from that in E. coli, both in its protein sequence similarity and in the gene localization in the operon (22) .
In summary, we found that GalR is phosphorylated during galactose induction and that the phosphorylation affects binding to the two operators to regulate the expression of the gal operon. Although the GalR only binds to O 1 , repressing the operon, the galactose molecule itself is unable to directly interfere with GalR-O 1 binding. This is the first evidence that phosphorylated GalR is involved in the regulation of galactose metabolism and that the phosphorylation status of GalR is able to switch the binding to operators. GalR is phosphorylated through phosphorelay from His 259 of HisK, and the signal 
